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Abstract: In this paper, we estimate the rate of growth of epitaxial layers from the gas phase. We study dependence of the 
rate on the value of the heating of the sub-strate. By using the previously introduced approach of mass and heat transfer 
analysis, analytical dependencies of the considered rate on the parameters were obtained. In this paper based on recently 
introduced approach we analyzed mass and heat transport during growth of epitaxial layers in reactors for epitaxy from gas 
phase with sloping keeper with account native convection. Based on recently introduced approach we estimate rate of 
growth of films and analyzed depend-ences of the rate on physical and technological parameters. 




At the present time different heterostructures are widely 
used to manufacture different devices of solid-state elec-
tronics. The most common methods for growing hetero-
structures are epitaxy from the gas and liquid phases, mag-
netron sputtering, molecular beam epitaxy. Manufacturing 
and using of heterostructures have been considered in large 
number of experimental works because of their wide using 
[1-11]. At the same time, a relatively small number of 
works are devoted to predicting the processes of epitaxy 
[12]. The main aim of the present paper is analysis the 
growth of epitaxial layers with changes in the values of 
parameters of the growth process taking into account natu-
ral convection. 
In this paper we consider a reactor for epitaxy from the gas 
phase (see Fig. 1). This reactor consists of a casing, a sub-
strate holder with a substrate, and a helix around the casing 
in the region of formation of the epitaxial layer in order to 
provide induction heating for activating the chemical reac-
tions that occur during the decomposition of reagents and 
the formation of an epitaxial layer. A gaseous mixture of 
re-agents is supplied to the inlet of the reaction chamber 
together with the carrier gas. The main goal of this paper is 
to estimate the rate of growth of an epitaxial layer and to 




2 Method of Solution 
 
First of all we analyze spatio-temporal distribution of tem-
perature. To analyze the distribution we determine the solu-
tion of the second Fourier law [13] 
 
         (1) 
where  is the speed of flow of mixture of gases-reagents 
(we consider gases- reagents as ideal gases); c is the heat 
capacity; T (r,j,z,t) is the spatio-temporal distribution of 
temperature; p (r,j,z,t) is the density of power in the system 
substrate-keeper of substrate; r, j, z and t are the cylindrical 
coordinates and time; C (r,j,z,t) is the spatio-temporal dis-
tribution of concentration of mixture of gases-reagents; l is 
the heat conductivity. Value of heat conductivity could be 
determine by the following relation: , where  
is the speed of the gas molecules,  is the average free path 
of gas molecules between collisions, cv is the specific heat 
at constant volume, r is the density of gas. 
To solve the Eq.(1) we shall to take into account moving of 
mixture of gases and concentration of the mixture. We de-
termine speed of the moving and the concentration by solvi 
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Fig. 1a: Structure of reactor for gas phase epitaxy with 
sloping keeper of substrate. 
 
Fig. 1b: View from side of keeper of substrate and approx-
imation of the keeper by sloping lines with angle of sloping 
j1. 
ing the equation of Navier-Stokes and the second Fick's 
law, respectively. We also assume that radius of keeper of 
substrate R essentially larger, than thickness of diffusion 
and near-boundary layers. We also assume, that stream of 
gas is laminar. In this situation the appropriate equations 
could be written as 
 
            (2) 
 
 (3) 
Where D is the diffusion coefficient of mixture of gases-
reagents; P is the pressure; r is the density; n is the kine-
matic viscosity. Let us consider the regime of the limiting 
flow, when all forthcoming to the disk molecules of deposit 
material are deposing on the substrate, flow is homogenous 
and one dimension. In this case boundary and initial condi-
tions could be written as 
C (r,j,-L,t) = C0, C (r,-j1,z,t) = C (r,j1,z,t) = C (r,p-j1,z,t) = 
= C (r,p +j1,z,t), C (r,j,z,0) =C0d (z+L), C (0,j,z,t) ¹ ¥, 
, T (r,-j1,z,t) = T (r,j1,z,t) =T (r,p-j1,z,t) = 
=T (r,p  +j1,z,t), , T (r,j,z,0) =Tr, 
, T (0,j,z,t) ¹ ¥, 
, , 
, , 
vr (r,-j1,z,t) = vr (r,j1,z,t) =vr (r,p-j1,z,t) = vr (r,p+j1,z,t), 
vj (r,-j1,z,t) = vj (r,j1,z,t) = vj (r,p-j1,z,t) = vj (r,p+j1,z,t), 
vz (r,-j1,z,t) = vz (r,j1,z,t) = vz (r,p-j1,z,t) = vz (r,p+j1,z,t), 
vr(r,j,-L,t)=0, vr(r,j,L,t)=0, vr(0,j,z,t) ¹ ¥, vz(r,j,-L,t) = V0, 
vz(r±d2/2,j,zÎ[-d2/2,d2/2],0) = w×z×cos y  tg (j1),      (4) 
vj(r,j,L,t)=0, vj(0,j,z,t) ¹ ¥, vz(r,j,0,t) = 0, vz(r,j,L,t) = V0, 
vz(r,j,L,t) = V0, vz(0,j,z,t) ¹ ¥, vr(r,j,z,0) = 0, vj(r,j,z,0) = 0, 
where s  =5,67×10-8 W×m-2×K-4, Tr is the room temperature, 
w is the frequency of rotation of the substrate. Equations for 
components of velocity of flow with account cylindrical 
system of coordinate could be written as 
                                    (5a) 
 
                              (5c) 
We determine solution of this system of equations by using 
of method of averaging of function corrections [14-19]. 
Framework this approach first of all we determine the first-
order approximation of components of speed of flow of 
mixture of gases. To determine the first-order approxima-
tion we replace of the required functions on their average 
values vr®a1r, vj®a1j, vz®a1z in the right sides of equa-
tions of system (5). After the replacement and calculation 
required derivatives we obtain equations for the first-order 
approximations of the components 
, , 
.                 (6) 
Integration of the left and the right sides on time of the rela-
tions (6) gives us possibility to obtain the first-order ap-
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, , 
.                (7) 
The second-order approximations of components of speed 
of flow could be obtain by replacement of the required 
functions on the following sums vr®a2r+v1r, vj®a2j+ v2r, 
vz®a2z+v2r. The average values a2r, a2j, a2z are not yet 


















Farther we determine average values a2r, a2j, a2z. The av-
erage values have been calculated by the following rela-
tions [14-19] 
 
         (9) 
 
where Q is the continuance of moving of mixture of gases 
through considered horizontal reactor. Substitution of the 
first- and the second-order approximations of the required 
components of speed into the relation (9) give us possibility 
to obtain system of equations to determine required average 
values 
  (10) 
where ,  













Solution of the above system of equations could be deter-
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In this section we obtained components of velocity of 
stream of mixture of materials in gas phase, which are used 
for growth of hetero structure, and gas-carrier in the sec-
ond-order approximation framework method of averaging 
of function corrections. Usually the second-order approxi-
mation is enough good approximation to make qualitative 
analysis of obtained solution and to obtain some quantita-
tive results. 
Now let us rewrite Eqs.(1) and (3) by using cylindrical sys-








            (13) 
 
In this section we calculate components of speed of gas-
reagents, which are used to growth an epitaxial layer, and 
gas-carrier as the second-order approximations framework 
method of averaging of function corrections. Usually the 
second-order approximation is enough good approximation 
to make qualitative analysis and obtain some quantitative 
results. Results of analytical calculation have been checked 
by comparison with results of numerical simulation. 
To determine spatio-temporal distributions of temperature 
and concentration of gas mixture we used method of aver-
age of function corrections. To determine the first- order 
approximations of the required functions we replace them 
on their not yet known average values a1T and a1C in right 
sides of the above equations. Farther we used recently con-
sidered algorithm to obtain the first-order approximations 
of temperature and concentration of gas-reagents 
The second-order approximations of temperature and con-
centration of gases- reagents we determine framework the 
method of averaging of function corrections [16-21], i.e. by 
replacement of the required functions in right sides  
 
 




.       (15) 
The above not yet known average values could be deter-
mined by the standard relations 
, 
.  (16) 
Substitution of the first-order approximations of tempera-
ture and concentration of gas mixter into relations (16) 
gives us the following results [20]. Replacement of equa-
tions (12) and (13) on the following sums T®a2T+T1, 
C®a2C+C1. In this case the second-order approximations 






,      (16) 
DD= rr2a DD= jja 2 DD= zz2a
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.      (17) 
Averages values of the second-order approximations of 
temperature and concentration of mixture a2T and a2C have 
been calculated by using the following standard relations 
 
 
.     (18) 
 
Substitution of the first- and the second-order approxima-
tions of temperature and concentration of mixture into rela-
tions (18) give us possibility to obtain equations to deter-























3.1 Main Relations to Estimate Rate of Growth 
In this section, we will estimate the rate of growth of epi-
taxial layers. The required velocity is determined by the 
following relation [21]: Vg »D C/dr, where D is the diffu-
sion coefficient of the gas mixture, C is the concentration of 
the gas mixture, d is the thickness of the diffusion layer, 
and r is the density of the gas mixture. The thickness of the 
diffusion layer can be determined using the following rela-
tion [21]: , where n is the viscosity of 
the gas mixture, w is the rotation frequency of the substrate 
holder. 
3.2 Main Results 
The Fig. 2 shows the dependence of the considered growth 
rate on the frequency of rotation of the substrate. Curve 1 
describes the dependence of the growth rate on the frequen-
cy of rotation of the substrate at atmospheric pressure with-
out taking natural convection into account (at a low growth 
temperature, the value of natural convection can be ne-
glected). Curve 2 describes the dependence of the speed of 
growth on the frequency of rotation of the substrate at a 
pressure that is reduced by an order of magnitude without 
taking natural convection into account. Curve 3 describes 
the dependence of the speed of growth on the frequency of 
rotation of the substrate at atmospheric pressure, taking into 
account natural convection. It follows from this figure that 
an increase in the frequency of rotation of the substrate 
holder leads to a more uniform growth of the material de-
posited on the substrate along its radius. The increasing in 
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the growth temperature leads to an increasing in the contri-
bution of natural convection and the slowing down of the 
growth of epitaxial layers. The Fig. 3 shows the depend-
ence of the growth speed of the epitaxial layer on the diffu-
sion coefficient D. Curve 1 describes the dependence of the 
growth rate on the diffusion coefficient at atmospheric 
pressure without taking natural convection into account. 
Curve 2 describes the dependence of the growth rate on the 
diffusion coefficient at atmospheric pressure with decreased 
value pressure on one order than natural convection. Curve 
3 describes the dependence of the growth rate on the diffu-
sion coefficient at atmospheric pressure at atmospheric 
pressure with allowance for natural convection. From this 
figure we see a monotonous increase in the considered ve-
locity. An increase in the value of the diffusion coefficient 
leads to an increase in the rate of transfer of the gas mix-
ture, which leads to an increase in the rate of growth of the 
epitaxial layer. The value of the diffusion coefficient can be 
reduced by decreasing the growth temperature. However, as 
the growth temperature decreases, the chemical reaction 
slows down. The dependence of the growth rate of the epi-
taxial layer on the kinematic viscosity n is shown in Fig. 4. 
The designations of the curves in this figure are the same as 
in the previous two. The decrease in the growth rate with 
increasing viscosity is due to the slowing down of the trans-
fer of the gas mixture. Dependences of the growth speed of 
the epitaxial layer on the speed of the gas mixture at the 
inlet to the reaction zone V0 is shown in Fig. 5. Curve 1 
describes the dependence of the growth speed on the ve-
locity of the mixture of gases at the inlet to the reaction 
zone at atmospheric pressure without taking natural con-
vection into account. Curve 2 describes the dependence of 
the growth speed on the speed of the gas mixture at the en-
trance to the reaction zone at decreased value of pressure on 
one order, without taking natural convection into account. 
Curve 3 describes the dependence of the growth speed on 
the speed of the gas mixture at the inlet to the reaction zone 
at atmospheric pressure, taking natural convection into ac-
count. An increase in the V0 speed leads to an increase in 
the concentration of the gas mixture in the reaction zone 
and, as a consequence, to an acceleration of the growth of 
the epitaxial layer. It also follows from the analysis that a 
decrease in the pressure in the reactor makes it possible to 
reduce the inertia of the processes occurring in it. Natural 




Fig. 2a: Dependence of growth speed on frequency of rota-
tion of substrate w. Curve 1 corresponds to vertical reactor. 
Curve 2 corresponds to horizontal reactor. Curve 3 corre-
sponds to average value of sloping angle (i.e. y   = 45°) of 
keeper of substrate in comparison with direction of flow 
gazes. 
 
Fig. 2b: Dependence of growth speed on frequency of rota-
tion of substrate w. Curve 1 corresponds to atmospheric 
pressure. Curve 2 corresponds to smaller pressure. 
 
Fig. 3a: Dependence of growth speed on diffusion coeffi-
cient D. Curve 1 corresponds to vertical reactor. Curve 2 
corresponds to horizontal reactor. Curve 3 corresponds to 
average value of sloping angle (i.e. y  = 45°) of keeper of 
substrate in comparison with direction of flow gazes. 
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Fig. 3b: Dependence of growth speed on diffusion coeffi-
cient D. Curve 1 corresponds to atmospheric pressure. 
Curve 2 corresponds to smaller pressure. 
 
 
Fig. 4a: Dependence of growth speed on viscosity n. Curve 
1 corresponds to vertical reactor. Curve 2 corresponds to 
horizontal reactor. Curve 3 corresponds to average value of 
sloping angle (i.e. y  =45°) of keeper of substrate in compar-
ison with direction of flow gazes. 
 
Fig. 4b: Dependence of growth speed of gases on viscosity 
n. Curve 1 corresponds to atmospheric pressure. Curve 2 
corresponds to smaller pressure. 
 
 
Fig. 5a: Dependence of growth speed on inlet velocity V0. 
Curve 1 corresponds to vertical reactor. Curve 2 corre-
sponds to horizontal reactor. Curve 3 corresponds to aver-
age value of sloping angle (i.e. y  = 45°) of keeper of sub-
strate in comparison with direction of flow gazes. 
 
Fig. 5b: Dependence of growth speed on inlet velocity V0. 
Curve 1 corresponds to atmospheric pressure. Curve 2 cor-
responds to smaller pressure. 
4 Conclusions 
 
In this paper, we estimate the rate of growth of epitaxial 
layers from the gas phase. We study its dependence on the 
amount of heating of the substrate. By using the previously 
proposed mass and heat transfer analysis, analytical de-





[1] I.P. Stepanenko. Basis of microelectronics. Moscow, 
Soviet radio., (1980). 
[2] V.G. Gusev, Yu.M. Gusev. Electronics. Moscow, High-
er School., (1991). 
[3] V.I. Lachin, N.S. Savelov. Electronics. Rostov-on-Don, 
Phenics., (2001). 
[4] A.A. Vorob’ev, V.V. Korabl’ev, S.Yu. Karpov. Semi-
conductors., 37(7), 98(2003). 
[5] L.M. Sorokin, N.V. Veselov, M.P. Shcheglov, A.E. 













































© 2021 NSP 
Natural Sciences Publishing Cor. 
 
pov, S.A. Kukushkin. Technical Physics Letters., 34 
(22), 68(2008). 
[6] V.V. Lundin, A.V. Sakharov, E.E. Zavarin, M.A. 
Sinitsin, A.E. Nikolaevв, G.A. Mikhailovsky, P.N. 
Brunkov, V.V. Goncharov, B.Ya. Ber, D.Yu. Ka-
zantsev, A.F. Tsatsul’nikov. Semiconductors., 43(7), 
996(2009). 
[7] Y.E. Bravo-García, P. Rodríguez-Fragoso, J.G. Mendo-
za-Alvarez, G. Gonzalezdela Cruz. Mat. Sci. Sem. 
Proc., 40, 253-256(2015). 
[8] Y. Li, L.E. Antonuk, Y. El-Mohri, Q. Zhao, H. Du, A. 
Sawant, Yi Wang. J. Appl. Phys., 99(6), 064501(2006). 
[9] A. Chakraborty, H. Xing, M.D. Craven, S. Keller, T. 
Mates, J. S. Speck, S.P. Den Baars, U.K. Mishra. J. 
Appl. Phys., 96(8), 4494(2004). 
[10] H. Taguchia, S. Miyakea, A. Suzukib, S. Kamiyamab, 
Y. Fujiwarac. Mat. Sci. Sem. Proc., 41, 89-61(2016). 
[11] M. Mitsuhara, M. Ogasawara, H. Sugiura. J. Cryst. 
Growth., 183, 38(1998). 
[12] R.A. Talalaev, E.V. Yakovleva, S.Yu. Karpova, Yu.N. 
Makarov. J. Cryst. Growth., 230, 232(2001). 
[13] H.S. Carslaw, J.C. Jaeger. Conduction of heat in sol-
ids. - Oxford: At the Clarendon Press., (1964). 
[14] Yu.D. Sokolov. Applied Mechanics., 1(1), 23-35 
(1955). 
[15] E.L. Pankratov, E.A. Bulaeva. 3D research., 6(4), 40 
(2015). 
[16] E.L. Pankratov, E.A. Bulaeva. Reviews in theoretical 
science., 3(4), 365-398(2015). 
[17] E.L. Pankratov, E.A. Bulaeva. Multidiscipline model-
ing in materials and structures., 12(4), 712-725(2016). 
[18] E.L. Pankratov, E.A. Bulaeva. Journal of computation-
al and theoretical nanoscience.,14(7), 3556-3563(2017). 
[19] E.L. Pankratov, E.A. Bulaeva. International journal of 
thin films science and technology., 6(2),  53-59(2017). 
[20] G. Korn, T. Korn. Mathematical Handbook for scien-
tists and engineers. Definitions, theorems and formulas 
for reference and review. Second edition. McGraw-Hill 
Book Company. New York, (1968). 
[21] V.G. Levich. Physico-chemical hydrodynamics. - М.: 
Наука., (1962). 
